Developing multimodal contrast agents is an upcoming area and hydroxyapatite nanoparticles substituted with various elements like gadolinium, eurobium etc., seems to be a promising contrast agent, especially for multimodal imaging of bone-tissue interface. A bimodal contrast agent using silver (Ag + ) and gadolinium (Gd 3+ ) ions co-substituted hydroxyapatite nanoparticles has been developed for X-ray and magnetic resonance imaging. Ag + and Gd 3+ ions were co-substituted into hydroxyapatite at various atomic percentages (Ag:Gd=0.25:0.25, 0.25:0.5, 0.25:0.75) using microwave accelerated wet chemical synthesis. Pure as well as Ag + and Gd 3+ ions substituted hydroxyapatite samples were also synthesized for comparison. All samples were characterized by X-ray diffraction, Fourier transform infrared spectroscopy, transmission electron microscopy etc., and found to be monophasic, nanocrystalline with the substituted ions. These co-substituted hydroxyapatite samples were then tested in different diagnostic modalities such as X-ray, computed tomography imaging and magnetic resonance imaging. Appreciable variation in contrast was observed with different amount of substitutions. All the Ag + and Gd 3+ ions co-substituted hydroxyapatite nanoparticles showed higher contrast in all imaging modalities compared to those substituted with either Ag + or Gd 3+ ions only. Hydroxyapatite sample co-substituted with 0.25Ag and 0.75Gd at. % substitution showed the best bimodal CT-MRI contrast.
Introduction
Currently, various non-invasive imaging modalities such as computed X-ray tomography (CT), magnetic resonance imaging (MRI), ultrasound imaging (USI), positron emission tomography (PET) and single photon emission spectroscopy (SPECT) are used in the diagnosis of various diseases [1, 2] . Each imaging modality has its own applications, merits and demerits. Since, a single imaging technique does not give a complete perspective on all aspects of a disease/disorder, it is common in clinical practice to rely on two or more techniques to arrive at an accurate and reliable diagnosis. For example, combinations of CT/MRI, PET/SPECT etc., are used for radiation treatment planning and cancer diagnosis respectively [1, 2] . Hence, multimodal imaging is a rapidly advancing field given its clinical importance with improved patient safety and lowered cost. Multimodal imaging implicates combining several imaging techniques by developing multifunctional contrast agents. Until now, only separate contrast agents are used for each imaging mode like iodine or barium compounds as radio contrast agents for X-ray/CT imaging, paramagnetic Gd 3+ compounds and super paramagnetic iron oxide (SPIO) nanoparticles for MR imaging [3] . Studies are being carried out to combine different modes of imaging by developing a single contrast agent based on polymers, liposomes and inorganic nanoparticles like hydroxyapatite (HA) [3, 4] . Some of the ideal properties required for a contrast agent include colloidal stability independent of pH and temperature variations, high selectivity and sensitivity, sufficient blood circulation time and easy renal clearance [5, 6] . Multimodal contrast agents based on inorganic nanoparticles have attracted considerable attention due to their small tunable size and attractive physical and chemical properties including bio-functionalization, prolonged circulating half-life, passive accumulation at tumor site through enhanced permeation and retention (EPR) effect [5] . The nanoparticulate contrast agents have been reported to provide enhanced signal sensitivity and impart information at the cellular levels [7] .
Bioceramics like hydroxyapatite (HA, mineral component of bone)
which has been extensively studied as a bone substitute or drug delivery carrier has also shown potential as a contrast agent when substituted with various ions like Gd 3+ , Eu 3+ , Tb 3+ etc., for MRI and fluorescent imaging [8] [9] [10] . HA nanoparticles are non-toxic and provide flexibility in terms of ion substitutions in the crystal structure. They also contain multiple functional groups enabling targeted imaging and provide the ragnostic value by serving as drug carriers as well [11, 12] . These properties make nano HA as an attractive multimodal contrast agent. Among all the imaging techniques, CT and MRI are widely used clinically and thus developing a single CT-MRI contrast agent may enhance the imaging capabilities especially at the bone-tissue interface.
MRI is a non-ionizing imaging method that offers a high soft tissue contrast and provides high spatial resolution. This technique is based on measuring water proton relaxation states under a magnetic field [5, 13] . Gadolinium (III) or Gd 3+ ion is a commonly used positive contrast for MRI by enhancing the T1 relaxation in T1 weighed images. Gd 3+ ion has been incorporated into silica, carbon nanotubes etc., to provide brighter MR signal [14, 15] . CT is the most powerful imaging technique employing X-ray ionization and found to be very ideal for hard tissue imaging [5] . Iodinated nanoparticles, gold nanoparticles, iron oxide nanoparticles etc., are popular nanoparticulate contrast agents studied for CT/X-ray imaging [5] . In our study, we have co- substituted Ag + and Gd 3+ ions into HA crystal structure to develop a bimodal CT-MRI contrast agent. Although silver in colloidal form was used as early as 1905 as a radiographic contrast agent, its usage was discontinued owing to its high toxicity [16] . However, it has been shown earlier that, the toxicity issues associated with silver can be resolved, by silver substitution in low amounts (0.25 at %) into HA crystal structure, with in vitro biocompatibility studies [17] . In the present study, Ag + and Gd 3+ ions co-substituted HA nanoparticles were synthesized and the contrast enhancement provided by the substituted HA nanoparticles were evaluated through X-ray, CT imaging and MR imaging. For comparison, pure HA nanoparticles without any substitution and with only either 0.25% Ag + ion substitution or with 0.25-1% Gd 3+ ion substitution were also synthesized and evaluated for their contrast properties.
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Materials and Methods
Pure and ion substituted HAs were prepared as reported earlier [17, 18] . Calcium nitrate, diammonium hydrogen phosphate, silver nitrate and gadolinium oxide (Analytical grade, Merck limited, Mumbai) were used as the precursors. The amount of precursors was calculated to synthesize ion substituted HAs using a rapid microwave accelerated wet chemical synthesis method with Ag + ion concentration fixed at 0.25 at % and varying the Gd 3+ ion concentration to a maximum of 0.75 at. %. The Ca/ P, (Ca + Ag)/ P, (Ca + Gd)/ P and (Ca + Ag + Gd)/ P ratios were maintained at 1.67. The resultant ion substituted samples were coded as listed in Table 1 . The synthesized samples were characterized for structural and phase purity using X-ray powder diffraction (XRD, D8 Discover, Bruker, Germany) with CuKα radiation (1.54 Å). The diffraction patterns were recorded at a scanning rate of 1 step/ s with step size of 0.1 ˚/ step. The functional groups of the synthesized powders were assayed using a Fourier transform infrared spectroscopy (Spectrum Two FT-IR spectrometer, Perkin-Elmer, USA) in the attenuated internal reflection (ATR) mode. The spectra were collected in the spectral range of 400-510 cm -1 . The transmission electron microscopy (TEM) analysis was carried out by dispersing the samples in acetone and irradiated with ultrasonic for 12-15 min in an ultrasonic bath (Citizen, India). The dispersions were then dropped on carbon-coated copper grids, dried, and examined for morphology with a TEM (Philips CM20 TEM, Netherlands) operated at 120 kV. The image contrast properties of the samples were then studied using radiography (X-ray), CT and MRI. The powder samples were weighed and compressed into pellets of one cm diameter and of equal weight. The radiographs were taken in high frequency X-ray generator (Siemens Multiphos 15, USA) along with aluminium standards of 1-5 mm thickness to quantify the contrast values. For CT scan, the pellets were placed inside a phantom model and imaged using a 6-slice spiral CT (Philips Ingenuity Core128, USA) in a coronal section. For MRI imaging, 50 mg of each powder was dispersed in 200 ml of distilled water. The dispersed samples were placed within a phantom model and imaged using a MRI (GE Healthcare, USA) of 1.5 tesla. Digital imaging and communications in medicine (DICOM) ® software [NEMA, USA] was used to view the CT and MRI images.
Results
Typical XRD patterns of the co-substituted HA samples are shown in Figure 1 along with pure HA pattern for comparison. The XRD pattern of the substituted HAs exhibits peaks similar to pure HA (JCPDS 09-432). The cell parameters and cell volume were calculated using 'Unitcell' software and the values are listed in Table 1 . The cell parameters were found to increase with Ag + substitution in AGHA sample and decrease with Gd 3+ substitution for the GDHA samples. The cosubstituted HA samples showed larger cell parameters relative to other samples. Scherrer's formula [t=0.9λ/ Bcosθ] was used to calculate the crystallite size (t) using the wavelength (λ) of CuKα 1 radiation and full width at half-maximum value (B in radians) of the diffraction peak at 26˚ (2θ). The crystallite size obtained from XRD results also showed a larger range of 43-51 nm for the co-substituted samples compared to substituted and pure HA samples which exhibited a size range of about 40-45 nm. The functional groups present in various ions substituted HA were identified from FT-IR spectra. Typical FT-IR spectra of pure and co-substituted HA are shown in Figure 2 . All the vibration bands correspond to that of characteristic bands of HA. The substituted HA sample in addition show carbonate bands [19] . The TEM images Figure 3 indicate that the nanoparticles have a rod/acicular morphology. Co-substituted HA samples namely, 25AG50GDHA and 25AG-75GDHA showed a slightly larger size than pure and ion substituted HA nanoparticles. The particle sizes calculated from TEM micrographs using Image J image analysis software are listed in Table 1 .
The X-ray radiographical images of the pure and substituted HA samples are shown in Figure 4 . The ion substituted samples exhibited higher contrast than pure HA. Figure 4b shows the grayscale value graph in which the contrast has been quantified with respect to the thickness of aluminium standards (1-5 mm). The gadolinium substituted samples showed an increase in contrast with increased amount of substitution. Similar trend was also observed in co-substituted HA samples. It can be seen that 25AG75GDHA shows highest contrast among all the samples with a grayscale value of 2.34 (Al thickness).
The CT scan radiograph with various ion substituted HA samples are shown in Figure 5 . The contrast values are indicated in Hounsfield Units (HU). As with X-ray imaging, the co-substituted HA samples exhibited better contrast compared to both pure and substituted HA samples. MRI scan was done on the pure and substituted HA samples and the MR image is shown in Figure 6 . All ion substituted samples showed a higher MRI contrast in the T1 relaxation mode compared to pure HA.
Discussion
The main aim of the study was to develop a bimodal contrast agent for CT-MR imaging by substituting Ag + and Gd 3+ cations in the crystal structure of HA nanoparticles. One of the main criteria in deciding the percentage of Ag + and Gd 3+ ion substitutions in HA was biocompatibility. Previous reports have shown that the Ag + and Gd 3+ ion substitutions in HA have been found to be biocompatible at up to 0.25 at % [17] and 4.4 at % [3] respectively. Hence, the silver concentration was fixed at 0.25 at % and the maximum combined substitution (Ag + + Gd 3+ ) in HA were restricted to ≤ 1 at % to have a biocompatible contrast agent.
Ion substituted HAs were characterized using XRD to confirm the phase purity and to evaluate the variations in lattice parameters. Both Ag + and Gd 3+ cations can be substituted in place of Ca 2+ ions. The absence of any other peaks in XRD confirmed that the samples are phase pure and are not affected by ion substitutions. AGHA sample showed larger lattice parameters and cell volume due to the substitution of larger size Ag + (ionic radii) ions for Ca 2+ ions. In case of GDHA, a reduction in cell parameters was observed due to the substitution of smaller size Gd 3+ ions Table 1 . A reduction in 'c' axis was observed with all GDHA samples. These results are agreeing with the reported values [17, 18] . The co-substituted HA samples showed larger cell parameters compared to pure HA with an increase in 'a' axis. Similarly, both XRD and TEM results. Table 1 show that the AGHA and co-substituted HA nanoparticles are of larger size while GDHAs are generally smaller than the HA nanoparticles. Thus, the particle size obtained from TEM mostly correlates with the crystallite size obtained from XRD. The purity of ion substituted HA samples was further confirmed by FT-IR spectra. The ion substituted samples, however, seem to be susceptible to CO 2 adsorption than pure HA [20] .
The X-ray radiographs show that both Ag + and Gd 3+ ions contribute to the radiocontrast of all substituted HA samples. In case of co-substituted HA samples, the radiopacity is primarily due to Gd 3+ ion substitution with substantial contribution from Ag + ions as also indicated by the grayscale values. A detailed analysis of CT scan results also show that co-substituted HA samples show higher contrast compared to other samples. The pure HA had a value of 1011 HU, 
Sample Code Amount of ion substitution (In atomic %) Cell parameters (Å) Cell volume (Å)3 Crystallite size(nm)
A C XRD TEM (lxb) which increased to 1120 HU with the substitution of silver. Similarly, with gadolinium substitution, the 50GDHA sample exhibited a maximum value of 1112 HU. Among co-substituted HA samples, 25AG75GDHA showed the highest contrast of 2199 HU. Although it is well known that silver provides radiographic contrast, the present study show that gadolinium substitution further enhances the contrast in CT scan. The MR imaging data shows that the co-substituted 25AG50GDHA and 25AG75GDHA pellets exhibit superior contrast due to Gd 3+ substitution. The X-ray, CT and MRI results clearly reveal that Ag + and Gd 3+ co-substituted HA samples exhibits good bimodal contrast compared to pure and substituted HA samples.
HA
Conclusions
Bimodal contrast agent based on Ag + and Gd 3+ co-substituted HA was prepared using a rapid microwave accelerated wet chemical synthesis with the total substitution not exceeding one at %. The samples showed consistently high contrast in X-ray, CT and MR imaging modalities even at low concentrations. The 25AG75GDHA sample showed the best bimodal contrast. Thus Ag + /Gd 3+ ion substituted HAs appear to be a promising contrast medium for combined X-ray/ CT-MRI imaging.
